Inhibin is an important glycoprotein that is involved in folliculogenesis. INHA, the gene encoding the inhibin alpha subunit, was recently proposed as a candidate for premature ovarian failure (POF), a syndrome that leads to the cessation of ovarian function under the age of 40 years. 70 POF patients and 70 controls were screened for the previously identified INHA ؊16C>T transition mutation. The T allele was found in 31/70 (44.3%) of controls, but only 18/70 (25.7%) of POF patients. This result indicates that the T allele is significantly underrepresented in the POF patient population (Fisher's exact test, two-tail: P = 0.033). Sequence analysis of the INHA promoter in 50 POF patients and 50 controls identified a highly polymorphic imperfect TG repeat at approximately ؊300 bp, that consisted of four common haplotypes (A, B, C and D). The ؊16T allele is linked to the shortest repeat haplotype (haplotype C). Despite the association between haplotype C and POF, no significant difference was found between the promoter activity of a luciferase reporter construct containing haplotype C, and most of the other haplotypes tested. Interestingly, haplotype B failed to show any promoter activity. We conclude that the inheritance of specific INHA promoter haplotypes predispose to the development of premature ovarian failure.
Introduction
Inhibins are dimeric glycoproteins consisting of a common inhibin alpha subunit (INHA, 14 kDa) covalently linked to one of two related inhibin beta subunits (INHBA, 18 kDa and INHBB, 18 kDa), which respectively form inhibin A and inhibin B. Inhibins were originally isolated from porcine and bovine follicular fluid (Ling et al., 1985; Miyamoto et al., 1985; Rivier et al., 1985; Robertson et al., 1985) and the main production sites are now known to be the granulosa cells in the female and sertoli cells in the male . Inhibin A and B both inhibit the secretion of FSH, which is involved in the recruitment and development of ovarian follicles during folliculogenesis, but are themselves secreted by the ovarian follicles at different times during the menstrual cycle. Inhibin B levels are highest at the mid-follicular phase, followed by a decline in the late follicular phase (Groome et al., 1994 (Groome et al., , 1996 . The inhibin A levels rise at mid-cycle, indicative of production and secretion from the preovulatory follicle, then rise again during the luteal phase indicative of production by the corpus luteum (Groome et al., 1994 (Groome et al., , 1996 . Therefore, it is proposed that the role of inhibin B is in the recruitment and initiation of folliculogenesis in small preantral follicles, whereas inhibin A has the endocrine role of pituitary FSH suppression. The activins, which stimulate FSH activity, are composed of homo-or heterodimers of the inhibin beta subunits (Ling et al., 1986; Vale et al., 1986) . The inhibin subunits are all members of the transforming growth factor (TGF)-β superfamily, a group of molecules that are involved in cell growth and differentiation.
The genes encoding the three inhibin subunits were recently proposed as candidates for premature ovarian failure (POF) due to inhibin's role in the negative feedback control of FSH (Shelling et al., 2000) . POF is a syndrome that leads to the cessation of ovarian function under the age of 40 years. It affects 1% of all women and occurs in 0.1% before the age of 30 years (Coulam et al., 1986) . POF may result from either a decreased number of follicles being formed during ovarian development, or by an increased rate of follicle loss. Alternatively, follicles may be present, but unresponsive to hormonal stimulation. The most commonly known causes of POF are X-chromosome abnormalities (Shelling, 2000) , but in the majority of women, with a normal karyotype, there is no known cause. Approximately 20-30% of women with POF will have other affected female family members, suggesting that an inherited predisposition to the condition is common. We, and others, have identified mutations in a small number of patients, in the genes encoding the FSH receptor (Aittomaki et al., 1995; Beau et al., 1998; Touraine et al., 1999) , the LH/choriogonadotrophin receptor (Latronico et al., 1996) and FOXL2 (Harris et al., 2002) . We have also identified a coding variant, 769G>A, in the INHA gene that results in a non-conservative amino acid change, A257Thr, in 7% of POF patients. This has recently been corroborated by an Italian group, who showed that 4.5% of POF patients and 25% of patients with primary amenorrhoea were heterozygous for the INHA variant (Marozzi et al., 2002) . This same group also reported an increased prevalence of the C allele of an INHA 5′untranslated region (5′UTR) single-nucleotide polymorphism (SNP), 129C>T, in POF patients, than in a control group. This SNP had previously been shown to be in linkage disequilibrium with a silent coding SNP (675C>T) and not to be linked to dizygotic twinning (Montgomery et al., 2000) .
Expression of all three inhibin subunit genes is stimulated by FSH. However, this expression varies several fold in a tissue-specific manner , suggesting that the three genes are regulated by different mechanisms. Analysis of the human and murine promoter sequences of these genes corroborates this theory (Feng et al., 1989; Pei et al., 1991; Su and Hsueh, 1992; Dykema and Mayo, 1994; Tanimoto et al., 1996; Ardekani et al., 1998; Yoshida et al., 1998; Debieve and Thomas, 2002) . Typical of many housekeeping genes neither INHA nor INHBB contain either TATA or CCAAT boxes, and the INHBB promoter, though not the INHA promoter, is GC rich. Human INHA transcription is initiated from three transcription start sites, although only the major one is shared by multiple species (Debieve and Thomas, 2002) and an adjacent GA-rich region is believed to play a role in initiating this transcription. An interesting feature of the INHA promoter is the presence of an imperfect TG repeat, that is longer in the human than in the mouse or rat. The INHA promoter also contains several response elements, including a cAMP response element (CRE), an adjacent steroidogenic factor 1 (SF1) site and AP1 and AP2 sites, suggesting that it is regulated by cAMP. Indeed, several reporter-gene-assay-based studies have shown that an intact CRE element is required for cAMP-induced up-regulation of murine INHA expression (Pei et al., 1991; Su and Hsueh, 1992) . The INHBA gene is also regulated by cAMP, and like INHA, its promoter contains a CRE element and AP1 and AP2 sites and a TG repeat. However, unlike INHA and INHBB, the INHBA promoter has both TATA and CCAAT boxes. Although INHBB contains AP2 sites, it has no CRE element in either of its two promoters (that initiate the transcription of 4 kb and 3 kb transcripts) and does not appear to be regulated by cAMP (Dykema and Mayo, 1994; Feng et al., 1995) .
The purpose of our study was to characterize the INHA 5′UTR/promoter in a cohort of POF patients and normal control samples, to test our hypothesis that promoter sequence variants, leading to altered INHA expression levels, are associated with POF.
Materials and methods

Patient information and DNA extraction
Fifty New Zealand and 20 Slovenian women, with POF, were recruited for this study by the Department of Obstetrics and Gynaecology in Auckland, New Zealand, and the Department of Obstetrics and Gynaecology in Ljubljana, Slovenia. POF was defined as cessation of menses for a duration of 6 months or more before the age of 40 years, along with a FSH concentration of >40 IU/ l. A complete medical and gynaecological history was taken from each patient as previously described (Shelling et al., 2000) . 50 normal control samples were obtained from the general population of New Zealand and 20 from the general population of Slovenia.
Genomic DNA was extracted from 10 ml samples of blood as previously described (Shelling et al., 2000) and 100 ng was used as a template in a PCR.
DNA sequencing of the INHA promoter region
Primers were designed that flanked a 1 kb region of the INHA promoter (Figure 1 ) using the primer select module in the DNAStar computer program from Lasergene (1994) (DNASTAR Inc., Madison, WI, USA) and are as follows: INHA5′F: 5′GCTCCCGGCTCGCCTCCTTACC3′ (nucleotides 42262-42284, accession number AC009955) and INHA3′R: 5′CCTGGCCCTGCTAGTGGGGAACTC3′ (nucleotides 43257-43234, accession number AC009955). Reaction conditions were 0.4 μM of each primer, 0.2 mM of each dNTP, 0.625 U Taq polymerase, 1× Q solution and 1× PCR buffer (Qiagen GmbH, Hilden, Germany) in a 25 μl total volume. 30 cycles of PCR were performed, consisting of 1 min at 94°C, 1 min at 62°C and 2 min at 72°C, with a final 10 min extension at 72°C. PCR products to be sequenced were purified using Roche's High Pure PCR Product Purification Kit (Roche Diagnostics GmbH, Mannheim, Germany).
Sequencing reactions were performed using the ABI PRISM™ BIG DYE Terminator Sequencing Kit under standard conditions with an annealing temperature of 55°C. Sequencing products were separated either on a ABI PRISM™ 377 DNA Sequencer XL machine or a ABI PRISM™ 3100 Genetic Analyzer (PE Biosystems, Foster City, CA, USA) at the Centre for Gene Technology, University of Auckland. Primers used for sequencing were INHA5′F and INHA3′R (Figure 1 ).
Restriction fragment length polymorphism analysis
To rapidly screen all 70 patients and 70 controls for the −16C>T polymorphism an restriction fragment length polymorphism analysis (RFLP) assay was performed as described previously (Montgomery et al., 2000) .
Forced restriction fragment length polymorphism analysis
To confirm the sequencing data and to rapidly screen all New Zealand samples for the −124A>G polymorphism, identified in the INHA promoter, a forced restriction fragment length polymorphism analysis (FRFLP) assay was devised. Primers were designed to amplify the region of INHA promoter containing the polymorphism, such that a Sau3AI restriction site was introduced by the reverse primer into samples containing an A at position −124, but not those containing a G. The primers were FRFLPF: 5′AGGTCGCTTGAGGCGAAATCCTTCC3′ and FRFLPR: 5′TCCCACACCCACCCTCTTCTACCCTTCTGA3′.
PCR conditions were as above with the exception that an extension time of 1 min and no Q solution were used. A Sau3AI digestion resulted in the 196 bp PCR fragment forming two fragments of 168 bp and 28 bp in the presence of the A allele.
Single-stranded conformation polymorphism
To rapidly screen all New Zealand samples for the polymorphic repeat identified in the INHA promoter, an single-stranded conformation polymorphism (SSCP) assay was used. The region of the promoter containing the repeat was amplified by PCR using primers INHA3′F: 5′TATTGAAAGGGGCCCCAGAAGGTC3′ (nucleotides 42721-42744, accession number AC009955) and INHA3′R. PCR conditions used were the same as for the FRFLP assay. SSCP was performed as described previously (Shelling et al., 2000) , using a 14% (w/v) polyacrylamide gel without glycerol.
Construction of reporter genes
To subclone INHA promoter regions containing eight different haplotypes, they were amplified from the relevant DNA samples by PCR using the primers: INHAClF: 5′CCGGCTAGCGCTCCCAGGCTCCTG3′, which contains a NheI restriction site and INHAClR: 5′AGCACTCGAGCTCACCTGGCCCTG3′, which contains a XhoI restriction site. PCR conditions used were the same as for the FRFLP assay, with the exception that a proof reading polymerase, Pfu (Promega, Sydney, Australia) plus Q solution was used. The final nucleotide of INHAClR annealed to −16C/T, allowing us, through the use of a proof reading The major transcription start site and the translation start are also indicated and all numbering is based on the translation start site, beginning at +1. The region of the promoter that was subcloned to create the pGL3 enhancer constructs is depicted with the TG repeat region shaded and the locations of the -252C>A, -124A>G and -16C>T single-nucleotide polymorphisms (SNPs) are given. polymerase, to clone haplotype C with either a C or a T at that position. The PCR products were initially subcloned into pCR®4Blunt-TOPO® (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. The integrity of the inserts was confirmed by DNA sequencing. The inserts were then released from the vector by a NheI/XhoI restriction digest and subcloned into pGL3-Enhancer (Promega), upstream of the firefly luciferase gene. The integrity of the inserts were again confirmed by DNA sequencing. Plasmids were propagated in JM109 cells (Promega) and purified using a Plasmid Midi kit (Qiagen).
Transfection of human granulosa cell lines and luciferase assays
A human granulosa cell line (KGN) (Nishi et al., 2001 ) was plated in a 24 well plate, at a density of 2 × 10 5 viable cells per well, in Dulbecco's modified Eagle's medium (DMEM)/F12, 10% fetal calf serum (FCS), the day before transfection. Cells were co-transfected with 800 ng of the relevant pGL3-Enhancer construct and 5 ng of the Renilla luciferase control reporter, Promega Renilla luciferase-cytomegalovirus (pRL−CMV), diluted in 200 μl DMEM/ F12, using 2μl of lipofectamine and 4μl of PLUS reagent (Invitrogen). After 7 h at 37°C, 5% CO 2 , 750μl DMEM/F12 and 13.3% FCS were added. After a further 41 h incubation, cells were harvested and luciferase activity determined using the dual-luciferase® reporter assay system (Promega) in a Victor 2 (Wallac, MD, USA), according to manufacturer's instructions. Comparisons between groups were made using one-way analysis of variance (ANOVA).
Results
Initial DNA sequence analysis of the INHA promoter identified a polymorphism at position −16C>T. After further analysis, we realized that the −16C>T SNP was identical to the previously identified 129C>T SNP (Montgomery et al., 2000; Marozzi et al., 2002) . We use the widely accepted nomenclature guidelines (den Dunnen and Antonarakis, 2000) where the first nucleotide of the translation start codon is labelled as +1. Therefore, the −16C>T variant we have identified probably corresponds to the 129C>T variant reported previously (Montgomery et al., 2000; Marozzi et al., 2002) .
Fifty New Zealand and 20 Slovenian POF patients, and the same number of controls, were screened for the −16C>T (Figure 1 ) transition in the 5′UTR of INHA. 29 of 70 (41.4%) controls were heterozygous for this transition and 2 (2.9%) controls were homozygous for T. However, only 18 of 70 (25.7%) POF patients were heterozygous and no T homozygotes were identified. These results indicate that the T allele is significantly underrepresented in the POF patient population (Fisher's exact test, two-tail: P = 0.033).
To analyse the INHA promoter sequence upstream of the −16C>T SNP, approximately 1 kb fragment of 5′UTR was amplified by PCR and sequenced in 38 of the New Zealand POF patients and 10 of the New Zealand controls. The imperfect TG repeat element located approximately 300 bp upstream of the ATG start site (Figure 1 ) was found to be highly polymorphic. To determine the exact sequences of both alleles from several of the samples, it was necessary to subclone them into pCR®4Blunt-TOPO® and then sequence using vector primers. Initially, 5 haplotypes were identified [A-D and D(i), Table I ].
A −124A>G SNP was also identified and shown to be inherited co-ordinately with the polymorphic repeat, with haplotypes A and B having −124A and haplotypes C, D and D(i), −124G. No other variants were identified. To rapidly type the remaining New Zealand samples, a FRFLP/SSCP combined assay was devised (Figure 2 ) and all 50 New Zealand POF patients and 50 controls were screened by this method. Where a novel or unclear SSCP pattern was identified, the sample was sequenced and where necessary cloned into pCR®4 Blunt-TOPO® before sequencing. In total, 7 repeat polymorphism haplotypes were typed [A-D and D(i-iii), Table I ] along with a third SNP, −252C>A (Figure 1) in one of the control samples (genotype B/C). Haplotype D(i) was found in a single POF patient and haplotypes D(ii) and D(iii) were each identified in single controls. The repeat region varied in length from 94 nucleotides in haplotype A to only 76 nucleotides in haplotype C. Table II details the genotypes identified in both the POF and control populations. Our results indicate that in the New Zealand population, repeat polymorphism haplotype C is in linkage disequilibrium with −16T, as every sample that was heterozygous for −16T was also heterozygous for haplotype C and the control that were homozygous for one was also homozygous for the other. Interestingly, haplotype C contains the shortest repeat polymorphism, being at least 10 nucleotides shorter than the other variants. The C haplotype was underrepresented in the patients (14%), compared to controls (23%) (Table III) , however, due to the smaller number of patients following stratification by haplotype, this was not a statistically significant difference. Due to the large number of variables we did not have the statistical power to perform further analyses on this data. With the exception of haplotype C being underrepresented in the POF patients, no other obvious correlation between genotype (haplotype) and phenotype was observed.
To determine whether or not INHA promoters containing haplotype C possess significantly different activity to other INHA promoters, we made several luciferase reporter constructs which were tested in transient transfection assays. The constructs consisted of INHA promoter fragments from approximately −460 to −1, containing the polymorphic TG repeat region, upstream of the luciferase gene (Figure 1) . Constructs containing haplotypes A-D, D(i), D(ii) and C with the −252C>A transversion [C(var)] were all created. A mutant version of haplotype C [C(mut)], with a C instead of a T at nucleotide −16, was also made, to distinguish between effects caused by the repeat polymorphism and those caused by the −16 SNP. A human granulosa cell line (KGN) (Nishi et al., 2001) , that was determined by RT−PCR to express INHA (data not shown), was transfected with either, one of the constructs or the empty reporter vector (pGL3 enhancer) and luciferase activity was measured 48 h after the onset of transfection. Figure 3 shows that the luciferase activities of all constructs, with the exception of B, were approximately 5× higher than that of the empty reporter vector, which was a significant increase in activity (ANOVA, P = 0.018). Interestingly, expression levels of construct B were below background luminescence levels (mean reading from six duplicates 
Discussion
Previous studies have revealed the importance of inhibin in follicular development and have shown a strong association between a coding variant, 769G>A, in INHA, that causes a non-conservative amino acid change, A257Thr, and POF. More recent studies have identified a pair of linked INHA SNPs, 129C>T and 675C>T (Montgomery et al., 2000) . The 129C>T SNP has been associated with susceptibility to POF (Marozzi et al., 2002) . We analysed the INHA promoter region by DNA sequence analysis, and identified SNP's, including the − 16C>T SNP. After further analysis, we realized that the −16C>T SNP was identical to the previously identified 129C>T SNP (Montgomery et al., 2000; Marozzi et al., 2002) . The difference in SNP assignment is due to earlier papers (Montgomery et al., 2000; Marozzi et al., 2002) numbering nucleotides from the beginning of the GenBank DNA sequence, rather than the widely accepted nomenclature guidelines (den Dunnen and Antonarakis, 2000) where the first nucleotide of the translation start codon is labelled as +1. We have screened 70 POF patients and 70 controls from the populations of New Zealand and Slovenia for the −16C>T SNP and detected the T allele in 31 of 70 (44.3%) of the control population, but only 18 of 70 (25.7%) of POF patients, showing a statistically significant difference between the two populations (Fisher's exact test, two-tail: P = 0.033). Our findings are similar to those of Marozzi et al. (2002) assuming they are the same SNP, as they identified the T allele in 33% of women who experienced physiological menopause and in only 19.7% of POF patients (Marozzi et al., 2002) . Overall, we found the T allele at a slightly higher frequency than Marozzi et al. (2002) in both control and POF patient populations, and this may be a reflection of either the different populations sampled (Italians versus New Zealanders and Slovenians) or be chance events due to the relatively small number of samples analysed. Like Marozzi et al. (2002) we found that none of the patients in whom we previously identified the 769G>A transition (Shelling et al., 2000) carried a −16T allele. Interestingly, it is the less common variant (−16T) that is underrepresented in the POF patients when compared with the general population. We conclude that the −16T allele represents a susceptibility allele, and protects women from the early development of POF. An alternative presentation of this data is that the −16C allele predisposes women to an early menopause.
Despite the association between the −16C>T SNP and POF, it is unlikely that an SNP located between the transcription and translation start sites, could on its own significantly affect expression from INHA. Because the only coding sequence polymorphism that −16C>T was linked to was the silent substitution, 531C>T (675C>T) (Montgomery et al., 2000) we sequenced a approximately 1 kb region of the promoter upstream from this SNP, in 38 New Zealand POF patients and 10 controls to identify any other, potentially more causative variants. The region of promoter sequenced contained several known response elements and had previously been shown to have promoter activity in both human and murine reporter gene assays (Su and Hsueh, 1992; Debieve and Thomas, 2002) . From this small initial study we discovered that the extended imperfect TG repeat at approximately −300 is considerably polymorphic in both the POF patient and control populations, with the repeat region ranging from 76 to 94 bp in length and that −16T is linked to the shortest haplotype (haplotype C). Analysis of the remaining New Zealand samples by FRFLP and SSCP confirmed this linkage and lead to the discovery of a total of seven different variants at the repeat locus.
Because −16T is underrepresented in the 70 New Zealand and Slovenian POF patients and is linked to repeat polymorphism haplotype C in the 50 New Zealand POF patients and 50 New Zealand controls, we inferred that the TG repeat polymorphism haplotype C is also underrepresented in the POF patient population. The C haplotype was underrepresented in patients (14%) compared to controls (23%) (Table III) , although this was not statistically significant. TG repeats are widely dispersed throughout eukaryotic genomes, with a copy number of approximately 10 5 in the human genome . They are associated with the transition from B-to Z-DNA which may be involved in the activation of transcription. Of specific interest, calcium, which was shown to induce a conformational change from B-to Z-DNA in a TG repeat (Dobi and Agoston, 1998) , is known to stimulate inhibin production in cultured term placental trophoblast cells (Keelan et al., 1994) .
With the exception of haplotype B, the approximately 500 bp region of promoter that was subcloned upstream of the luciferase gene showed an equal level of promoter activity in the KGN cell line, no matter which repeat polymorphism haplotype was present. Haplotype C, despite being underrepresented in the POF patient population, did not have a significantly different level of expression under the conditions used, as might have been predicted. Further investigations are required to determine whether or not the short repeat does indeed alter the expression levels of INHA compared to the longer repeats. It is possible that the repeat itself is linked to another polymorphism that is causative in POF and therefore we shall be screening the region of the genome surrounding the INHA gene. A study of the mouse Inha promoter determined that although a 2.5 kb region upstream of the gene was sufficient to a drive reporter gene in a transgenic mouse, a 6 kb fragment drove expression in pre-antral follicles and in the adrenal glands of immature mice, that was not seen with the 2.5 kb fragment (Hsu et al., 1995) . This experiment implied that important regulatory elements are present greater than 2.5 kb upstream from the transcription start site, and therefore warrants further investigation. Future investigations may look at DNA samples from women who have undergone a late menopause to ascertain whether or not −16T/haplotype C is over-represented in this population of women.
The main function of inhibin in women is its regulation of pituitary FSH secretion. It is well established that a decline in serum inhibin levels occurs when ovarian follicular reserves begin to decline, leading to an increase in FSH secretion (Shelling et al., 2000) . Because Haplotype C is underrepresented in women with POF, we propose that in vivo, INHA alleles with haplotype C express a greater amount of INHA than those with other haplotypes. We propose that this leads to an increase in inhibin levels and thus a decrease in FSH levels, which in turn leads to a decrease in the rate of follicle loss, and thus a later menopause. It will be interesting to determine INHA and corresponding FSH levels in the serum of women to see if there is a correlation with different INHA promoter genotypes.
Surprisingly, haplotype B showed no promoter activity. Despite careful scrutiny of the construct sequence, no mutations could be detected. There was no obvious reason why haplotype B should have no promoter activity, although we did note that despite being present in 22% of our samples, no haplotype B homozygotes were detected.
In summary we have shown that the imperfect TG repeat in the INHA promoter is highly polymorphic and that the shortest repeat (haplotype C) is linked to −16T, which is underrepresented in POF patients compared to normal controls. Under the conditions used in our experiments we failed to demonstrate that haplotype C conveyed a significantly different promoter activity to the INHA promoter, compared to the majority of other haplotypes tested. This work underlines the importance of inhibin in the regulation of follicle loss, and indicates that variation in the INHA promoter may predispose to premature ovarian failure.
